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Abstract:  
An analysis on the aerodynamic attributes of motor vehicles has been carried out. The main 
idea of the analysis was to determine the influence of various surface features on the drag 
force that is acting on a vehicle.  
A scale model of a Mercedes-Benz SLS AMG was used as a base model to be modified. The 
computer aided design (CAD) model of the SLS was created in Creo 2.0 using a surface 
modelling technique. A standard model of the car was created and then modified to reduce 
the drag force acting of the car. Certain features were added to the model as well as 
changing some of the more turbulence reducing shapes on the model.  
The CAD models were both analysed with computational fluid dynamics (CFD) software to 
determine the drag coefficient of the base car and the modified model. In conjunction with 
the software analysis a diecast model of the SLS and a 3D printed model of the modified car 
were used in wind tunnel testing. The aim of the wind tunnel testing was to see how the 
software analysis corresponds to physical results of the drag force on the models.   
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General Nomenclature: 
A Frontal surface area (m2) 
Cd Coefficient of drag 
Cl Coefficient of lift  
D Drag force (N) 
L Lift force (N) 
ρ Air density (kg/m3) 
v Velocity (m/s) 
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Chapter 1: Introduction 
An analysis of the effects of different aerodynamic features on a vehicle has been 
conducted. The effect of these features on the amount of drag and lift created were the 
main analysis areas.  The broad aims of the project were to use CFD software to find the 
forces acting on a CAD model of a car. This lead to establishing what types of changes to 
the aerodynamic features of a car model would result in the lowest drag coefficient. A 
literature review was conducted to acquire background information with regards to 
automotive aerodynamics.  
The creation and analysis of an initial uncomplicated car model was conducted with Ansys 
design modeller and the analysis with Ansys Workbench CFX. More complex car models 
were created in Creo 2.0 after the analysis of the simple model was completed.  The Initial 
simple car shaped model was created to test the set up used in Ansys CFX. After this set up 
proved to produce good results the more complex models could be analysed. The complex 
models produced were based off of a Mercedes-Benz SLS, two variations were created an 
original SLS and a modified SLS. The original SLS model was modelled as closely as possible 
to the actual car and the modified model was created in an attempt to reduce the drag 
force acting on the car. A computational fluid dynamics (CFD) analysis was conducted on 
both the original SLS and modified SLS models.  
A physical model was created with the PROJET HD3500 3D printer and tests were 
conducted in the wind tunnel in the Z block's hydraulics laboratory.  After the modified SLS 
model had been completed and converted into a stereolithography (.stl) file it was sent to 
the 3D printer. The printer needed about 13 hours to produce the modified SLS model. 
Both the original and modified SLS models were mounted in the wind tunnel for testing. 
The wind tunnel tests were conducted in order to try and reproduce the drag reduction 
results obtained from the CFD analysis in CFX. 
The results obtained from the CFX analysis and the results from the physical testing were 
quite close. The CFX analysis showed an improvement of 12% and the wind tunnel tests 
produced a 10% reduction in the drag on the modified SLS model when compared to the 
original SLS model. The lift coefficient did not show the same reduction as the wind tunnel 
test result showed no improvement whereas the CFX analysis showed an improvement of 
24%.  
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Chapter 2: Literature review 
2.1. Introduction 
Aerodynamics is a major factor in the performance and fuel efficiency of a car (Stone & 
Ball). A car that has a low drag coefficient will have much better fuel efficiency than a 
similar car which has not been aerodynamically optimised. Aerodynamics can also be used 
to increase the down force on a car allowing it to corner and stay in contact with the 
ground at higher speeds. 
The literature review covers the basics of aerodynamics like the flow of air. More 
specificities topics like lift, drag, down force and side force are covered as well. The 
literature review also goes into the effects of modifying the surface of the vehicle with 
wings, diffusers, canards and other similar ... that can alter airflow over and around the car. 
A brief history of the aerodynamics of car, computational fluid dynamics and wind tunnels 
are also mentioned.  
The common forms of the drag and lift equations (Stone & Ball) can be used for many 
different vehicles. These include cars, trucks, trains and motorbikes as the same principles 
apply.  
The drag force equation is: 
   
 
 
           
The coefficient of drag equation is: 
     
 
         2
  
Where: 
   ρ- Density of air at a specified temperature 
  A - Frontal area of the car 
  v - Velocity of the air  
 
 
 
3 
 
2.2. General aerodynamics  
Aerodynamics has to do with how the shapes of objects affect the flow of air, liquid or gas 
around those objects. Aerodynamics is a branch of fluid dynamics that deals with the study 
of forces and gas flows (ScienceDaily, 2013).  
Benson (2010a) shows how the word aerodynamics is derived from two Greek words aerios 
and dynamis. Aerios deals with the air and dynamis is the force therefore the force of air, 
this force acts on any object that is travelling through the air whether it is as large as a 
Boeing 747 or as small as a particle of sand.   
 
2.3. Automotive aerodynamics  
McNulty and Tong (2006) state that aerodynamics is the study of the forces that act on a 
body as it moves through the air, in this case the body is the car as a whole therefore the 
study of automotive aerodynamics.  
 As explained by McNulty and Tong (2006) drag coefficients are used to determine how 
easily an object moves through the air, since a coefficient is dimensionless and relates back 
to the input parameters in the equation different shapes of objects can be directly 
compared. Considering the differences in the shape and size of a small car and a truck it is 
obvious that the drag force on the truck will be much higher as the truck needs to push 
more air out of it way due its larger size. By using the drag coefficient (Cd) as a standard the 
aerodynamic efficiency of both the truck and the small car can be directly evaluated. Other 
coefficients that are also calculated include the lift coefficient (Cl) and the side force 
coefficient (Cy).  
The effect of drag has a small effect on the acceleration of the car apart from at high 
speeds (Stone & Ball). Reducing the aerodynamic drag on the vehicle will benefit the fuel 
economy of the vehicle most at higher speeds. Reducing the Cd of a car from 0.45 to 0.33 
will result in a theoretical increase in the fuel economy of approximately 6.7% at 50km/h as 
shown in the figure below(Stone & Ball). 
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                   Figure 1. Effect of reducing the drag on a car (Stone & Ball) 
 
McNulty and Tong (2006) discuss how complex automotive aerodynamics is, and also 
explain that there are two main ways of analysing the flow of air over a car. These include 
computational fluid dynamics (CFD) which utilises computer simulation of the air flow over 
a computer aided design (CAD) model. CFD can be quite expensive and very time 
consuming but physical test and models even more so. CFD has many benefits as its allows 
for multiple model iterations and facilitates fine tuning of the CAD model before a physical 
prototype is made (McNulty & Tong, 2006). Physical testing in a wind tunnel is another 
method that is used. Full sized or scale model testing can be conducted in a wind tunnel 
and the size of the model is usually dependent on the size of the wind tunnel that is to be 
used. Air is blown over the stationary model which is attached to a transducer which 
measures the forces on the model, the forces acting on the model are then recorded to be 
used for data analysis. From the lift, drag and side force measurements the corresponding 
coefficients can be calculated (McNulty & Tong, 2006).  
Automotive engineering greatly benefits from CFD as it can be used to analyse a vehicle to 
improve its energy efficiency and simulate the flow of air over the vehicle (Tu, Yeoh, & Liu).  
A wide range of power train and engine analyses can be carried out with CFD effectively 
allowing engineers to decrease vehicle emissions and at the same time increase the fuel 
economy (Tu et al.). The performance and durability of the engine can also be analysed, 
this allows for improved designs. One of the main advantages of CFD is that it reduces the 
amount of time and money spent on clay models and wind tunnel testing for the 
aerodynamic attributes of the vehicle as the bulk of the testing can be done with software 
(Tu et al.).   
The end result from this modelling and testing procedure is a finished product that is 
guaranteed to have improvements. These can include improved fuel efficiency, better high 
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speed performance, improved handling and acceleration and enhanced airflow to the 
engine as indicated by McNulty and Tong (2006).  
 
2.4. Air flow over the car 
Edgar (2012) describes how airflow can be seen as a series of thin layers of air. These layers 
of air pass over an object.  If they stay together and close to the surface of the object the 
airflow over the object is laminar and there is little drag acting on it. If the layers separate 
from each other and the object they become turbulent, the end result is an increase in the 
drag that is acting on that body.  
Edgar (2012) argues that the most aerodynamic shape is the tear drop, which has a 
theoretical Cd of 0.05 which is very low. Due to the smooth curve at the front of the tear 
drop and the long gradual slope of the tail the airflow stays attached to the surface of the 
tear drop. The air around it is deflected away very gently, limiting the amount of turbulent 
flow as the air rejoins at the tail of the tear drop. The air becomes detached from the 
surface when a sudden change in the shape occurs, for example when there is a sudden 
steep incline or sharp edge the flow detaches and can become turbulent. It is, however, not 
practical to shape a car like a tear drop as there is a need for enough space for multiple 
occupants and a sizable luggage compartment. 
When a car moves through the air the air is deflected around, below and above the car 
(Edgar, 2012). There are stagnation points that form due to the airflow splitting in various 
locations due to the car's shape. The location of a stagnation point is quite important as the 
lower a stagnation point is situated the better as it causes less air to pass under the car. A 
common location for a stagnation point on a car is at the flattest region of the nose, which 
tends to be the area where the radiator is positioned. The air at the stagnation point 
usually flows into the radiator and the air flowing through the radiator causes a lot of drag. 
After the air has been forced through the radiator it then flows down under the car. This air 
flowing out of the radiator is turbulent and increases the overall drag on the car. There are 
a couple of things that can decrease the severity of the turbulent air that flows under the 
car. These include making use of a radiator intake duct that can retain attached airflow 
through most of the radiator core thereby controlling the airflow that exits the radiator, 
another common way is to duct the air from the radiator through the wheel wells or out 
through the top of the bonnet.   
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Edgar (2012) further explains the importance of the air that is flowing from the nose to the 
top of the bonnet and how the flow needs to stay attached. The curve of the transition 
between the nose and the start of the bonnet is crucial as it influences how the air flows 
over the bonnet. If the curve is too sharp the airflow will separate from the surface of the 
car; and if the air separates the flow of air at the front of the car the airflow will become 
turbulent. The curve of the transition from the windscreen to the roof is also an important 
factor as it determines if the airflow over that region stays attached (Edgar, 2012). If this 
transition angle is too sharp the airflow will become detached and cause turbulence 
towards the rear of the car, resulting in an undesirable airflow. A wing in turbulent airflow 
is not beneficial as the turbulent air simply flows around the wing, whereas laminar flow 
over the wing can be manipulated.   
As discussed by Edgar (2012) the airflow at the rear of a car is extremely important with 
regards to the overall drag that is generated. Most of the time the airflow at the rear of the 
car is more important than the flow at the front of the car as it has a much bigger impact 
on the overall drag force that is produced. Different cars keep the airflow attached at 
different locations: a hatchback will have detached air flow at the end of the roof, whereas 
a sedan with a gentle slope in the rear window will keep the flow attached up to the boot 
lip were it will separate. Other components that are affected by the airflow at the rear of 
the car include the rear axle and to a lesser extent the front axle as these axles experience 
a certain amount of lift or down force. The size of the wake left behind by the car is directly 
related to where the airflow becomes detached. The sedan will have a smaller wake than 
the hatch back as the sedan will have a wake that is the size of the cross sectional area of 
the end of the car, whereas the hatchback would have a wake that is about the size of the 
cross sectional area of the car 
There are two types of flow separation that occurs around vehicles (Krajnović, Östh, & 
Basara, 2010). The first type of separation is quasi-dimensional and occurs at an edge which 
is orthogonal to the direction of the air flow over that edge. This type of separation can 
occur on the front of the hood, at the bottom of the windshield and at the very end of rear 
of the vehicle. The separation of the flow at these regions results in the formation of the 
wake behind the vehicle.  The second type of separation is where the flow separates at an 
angle from an edge. This is referred to as three-dimensional separation. It should be noted 
that all types of flow separation that occur on vehicles are three-dimensional (Krajnović et 
al., 2010). This type of separation occurs at the A-pillar (front pillar) and at the C-pillar (back 
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pillar) of cars. The flow separation from these areas results in longitudinal cone-shaped 
vortices in the direction of the airflow. These vortices require a lot of energy to form and 
are a major contributor to the overall drag force on the car.  
 
2.5. Aerofoils 
APR Performance (2006) describes an aerofoil as a body that is designed to provide a 
certain reaction force when that body is moving through the surrounding air. There have 
been a lot of different explanations with regards to how an aerofoil works, one of the more 
popular explanations has to do with incorrectly using Bernoulli's principle (APR 
Performance, 2006). Bernoulli's principle states that the low velocity, high pressure air on 
the bottom of the aerofoil and the high velocity, low pressure air on the top of the aerofoil 
recombine at the trailing edge of the aerofoil regardless of the angle of attack (AOA). This 
combination of low pressure, high pressure and low/ high velocity is the sole mechanism 
that is responsible for the lift generated by the aerofoil. The issue with this principle is that 
if it were completely correct we would not be able to fly aeroplanes upside down. The air 
actually never recombines as the air is split by the aerofoil. One section of air is flowing 
over the aerofoil and the other under. The section of air that moves over the top of the 
aerofoil is flowing much faster and ends up reaching the tail of the aerofoil before the air 
that is travelling along the bottom. The air as a whole recombines but the specific section 
that was split does not recombine in the same manner.  The air at the top of the aerofoil 
travels a lot faster than the air at the bottom causing a high pressure zone on the bottom 
and a low pressure zone on the top. This pressure difference pushes the aerofoil up (APR 
Performance, 2006).   
                                                                                                       
Figure 2. Air flow over an aerofoil (APR Performance, 2006) 
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The AOA (angle of attack) directly affects the amount of lift that is generated (APR 
Performance, 2006). 
                                                                                               
Figure 3. How the AOA (angle of attack) effects the lift and pressure regions (APR Performance, 
2006) 
For image above the reddish areas indicate the positive pressure and the blue areas show 
the negative pressure. Both pressure regions are relative to the atmospheric pressure as 
discussed by (APR Performance, 2006). 
APR Performance (2006) further explains that to fully understand the generation of lift the 
Navier-Stokes equations need to be used. These equations need to make use of principles 
that are present in both Bernoulli and Newton's equations, with the addition of viscosity. 
The addition of viscosity to these equations allows for a much better understanding of lift.  
Aerofoils on cars are usually attached to the rear of the car as they can generate large 
amounts of down force.   
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Figure 4. Type of aerofoil that is used on a car (APR Performance GTC series aerofoil) (APR 
Performance, 2006) 
2.6. Drag force 
Drag is the force that resists motion through a fluid (Elert, 2013). Aerodynamics drag is 
when the fluid that is resisting the motion of the object is a gas, if it is a liquid the force is 
referred to as hydrodynamic drag (Elert, 2013). 
Aerodynamic drag on cars can be split into four different types namely separation pressure 
drag, viscous drag, induced drag and interference drag according to Edgar (2008).  
Separation pressure drag is considered the most drastic type of drag as it has the biggest 
effect on the overall drag force that is generated. It is said to contribute about 50-90 
percent of the total drag force.  Edgar (2008) argues that this type of drag is one of the 
easiest to address. Simple geometrical changes to the car can greatly reduce the amount of 
separation pressure drag. Separation pressure drag has to do with how the air flows over 
the car and if it stays attached or becomes detached. Viscous drag is the drag that is caused 
by the air itself which is a fluid and has a viscosity. For example, the viscosity of honey is 
very high as the particles do not easily slide past each other, whereas air has a low viscosity 
and particles slide past each other with ease. The air that flows over the car is constantly 
being sheared as it passes over the surface of the car. Induced drag is the drag that is 
caused by the generation of lift or down force, these forces are a result of pressure 
differences between the surfaces of a car. These pressure differences cause vortices and it 
is the energy that is required to create these vortices that are responsible for the resulting 
drag. Interference drag is caused by the multiple bodies and sections of a car as ach part of 
the car that has air flowing over it will interfere with the airflow over the part that is 
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adjacent to it. For example, the air flowing over the bonnet of the car will be directly 
affected by the airflow that is coming off of the nose. 
McNulty and Tong (2006) discuss how drag hinders performance as it effectively limits the 
top speed of any car. The faster the car is travelling the more power is needed to push that 
car though the air, the drag forces increase exponentially as the speed increases. The 
engine needs to work harder to overcome the generated drag force, therefore it is 
important to minimise the drag in order to achieve higher top speeds. A few ways of 
reducing drag include reducing the frontal/ cross sectional area of the vehicle, streamlining 
the car and modifying how the air flows over and around the body of the car. Making the 
frontal area of the car smaller effectively decreases the amount of disturbance to the air; 
this reduces the resistive force. Making the car more streamlined involves making use of 
smooth body panels, rounded edges, smooth windshield to roof transitions, a smooth A-
pillar to side window transition and other refinements of the shape of the car. The most 
practical way of improving the air flow over the car is by making use of a flat tray under the 
car:  the tray under the car allows the air to escape more easily. If a tray is not used under 
the car the air flow would be highly turbulent. This is due to the presence of all of the 
mechanical components of the vehicle like the exhaust system, the drive shaft, the 
suspension and the shift linkage. By having a smooth surface on the bottom of the car the 
air can flow much faster causing a low pressure region which will decrease the amount of 
lift that is generated.  
 
2.7. Lift and Down Force 
According to Benson (2008) there are two main ideas of what lift is. One of the theories 
suggests that lift is generated by a pressure difference across an aerofoil, whereas the 
other theorises that lift is the reaction force on a body that is caused by the deflection of 
the flow of gas. These two ideas came about due to people misusing Bernoulli and 
Newton's equations,   over- simplifying the description of aerodynamic lift. When used 
correctly, both Newton's and Bernoulli's equations are correct. Bernoulli's equation 
considers the conservation of energy, whereas Newton's laws of motion are statements 
that have to do with the conservation of momentum. Similarly, the Euler Equations 
consider the simultaneous conservation of mass, momentum and energy within a fluid. If 
the effects of viscosity are included in these equations, the Navier-Stokes Equations are 
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derived. To fully understand lift generation a good knowledge of the Euler Equations are 
required (Benson, 2008).    
Benson (2010b) describes lift as a mechanical force that is generated by an object moving 
through a fluid. This lift force can be used to alter the aerodynamics properties of a car. The 
most common application of the lift force on a vehicle is making use of an inverted aerofoil 
which is similar to an aircraft's wing, but just inverted. The goal of the aerofoil on the 
vehicle is to create down force which is lift in a downward direction. This down force is 
used to add additional force over certain sections of the car. For example, down force over 
the rear axle of the car will improve traction at high speeds, enabling the car to have better 
traction during high speed cornering according to Kasravi (2003a).    
 McNulty and Tong (2006) state that lift becomes an issue for cars when travelling at high 
speeds. As the car's speed increases the lift increases as well. If too much lift is generated, 
the whole car essentially acts as a wing and starts to move away from the ground. As the 
air going over the top of car starts to move faster the air on the bottom of the car, which 
essentially stays at the same speed due to all the turbulence caused the pressure on the 
top of the car, starts to decrease. The lift force on the bottom will become greater than the 
down force on the top, resulting in the car lifting off the ground. Bernoulli's principal states 
that the car has a lower static pressure on the upper surface as the air is moving faster than 
the air on the bottom, causing lift. Lift affects performance by reducing the load on the 
tires, which reduces the amount of traction that the car has. Lift also causes induced drag 
which is an extra amount of drag that adds to the overall drag on the car (McNulty & Tong, 
2006). Reducing the lift on a vehicle allows the vehicle to have better cornering speed and 
stability (B. Daryakenari, Abdullah, Zulkifli, & Shamsudeen, 2012). Lift is associated with the 
amount of down force generated by the car. Large lateral forces allow the car to take 
corners at higher speeds.  
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2.8. Side force 
Side force is similar to lift but instead of acting upwards it acts on the sides of the car 
according to McNulty and Tong (2006). Side force is not really considered important 
enough to worry about in production vehicles but when it comes to Formula One and rally 
cars it becomes very important. Formula One and rally cars experience a lot of yaw 
(unintended sided to side motion) at high speeds. Lift is caused by the side force as there is 
air passing over and under the car from the side. This becomes quite significant as it can 
drastically affect the stability and handling of the vehicle.  
 
2.9. The effects of wings, air dams, diffusers, and other similar 
devices 
Inverted wings, air dams, splitters, diffusers, canards, side skirts, side ducts and NACA ducts 
all play a role in manipulating the air flow around a car to achieve desired effects as 
explained by Chen, McNulty, and Nismo (2009).  
According to  Chen et al. (2009) inverted wings generate down force by creating a pressure 
difference between the top and bottom surfaces of the wing. The air flowing over the 
surface splits at the wing's leading edge, and some of the air travels over the wing and the 
rest flows under. Due to how the wing is shaped the air that flows over the top surface is 
moving slower and creates a high pressure region whereas the air flowing under moves 
faster and creates a low pressure region. The effect of these pressure differences is that the 
top surface is pushing down with more force than what the bottom surface is pushing up. 
The pressure difference and the angle of attack of the wing is what generates the down 
force. The wing alters the flow of air over the vehicle which needs to be considered when 
setting up the aerodynamic attributes of the vehicle (Chen et al., 2009).  An adaptive 
aerofoil has potential benefits (Djavareshkian & Esmaeli, 2011). The main benefit of an 
adaptive aerofoil is that it creates smaller vortices. This is quite important as smaller 
vortices require less energy to be created, resulting in less drag created by the aerofoil.  
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Figure 5. Airflow off of the wing and the diffuser  (Chen et al., 2009) 
 
An air dam is used to limit the amount of air that goes under the car. More air is forced 
around and over the car causing an increase in the air pressure at these regions. The 
smaller volume of air that passes under the car passes through faster and at a lower 
pressure, this causes a suction type of effect  (Chen et al., 2009). 
                                                                                           
Figure 6. Stream lines over the car (Chen et al., 2009) 
 
Splitters are the horizontal plates that extend forward and under the air dam. According to  
Chen et al. (2009)  splitters make use of the same principles as the air dams but operate a 
bit differently. A stagnation point is created due to the fact that the fronts of most cars 
have a blunt shape. This causes the high pressure zone which is created by the air being 
pushed up against the surface of the vehicle while being slowed down at the same time. By 
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placing a horizontal splitter in this high pressure region, a large amount of down force can 
be created. The splitter does exactly what its' name suggests, as it splits the high pressure 
zone from the low pressure high velocity air flow that goes under the car.    
                                                                                  
Figure 7. The splitter on a Nissan Skyline (Chen et al., 2009) 
 
Diffusers help to drive the low pressure airflow beneath the car  (Chen et al., 2009). They 
also help to minimise the pressure as the air flows along the bottom of the vehicle. A 
diffuser is often located just below the splitter that leads the air into the front wheel wells 
and along the bottom of the car. As the air approaches the rear of the vehicle another 
diffuser can be found at the rear bumper. The rear diffuser helps drive the airflow from 
under the car by exposing it to the turbulent low pressure wake behind the vehicle. The 
rear diffuser also slows the flow of the air by increasing the area of the opening through 
which the air flows. Both of the diffusers can generate large amounts of down force by 
creating low pressure regions under the car due to the increasing air speed. The main 
reason for the large amount of down force created by a diffuser is due to its surface area, 
since the lows pressure flow acts over a large surface area (Chen et al., 2009).  
An under-body diffuser creates three main down force mechanisms (B. Daryakenari et al., 
2012). These mechanisms include upsweep, ground interaction and diffuser pumping. 
Down force can be increased by altering the diffuser angle, increasing the angle in turn 
increases the down force. Reducing the ride height of the car also increases the amount of 
down force. The optimum diffuser length changes as the ride height of the car changes. 
Adding more splitters (horizontal fins on the diffuser) to the diffuser reduces the size of the 
wake produced by the vehicle (B. Daryakenari et al., 2012). These added splitters also 
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decrease the lift and drag coefficients. The optimal amount of splitters is different for each 
car as it is dependent on the airflow around each individual vehicle.  
                                                                                
Figure 8. Airflow from the diffuser (Chen et al., 2009) 
 
Canards are also known as drive planes or drives plates, they look quite similar to the 
winged appendages that can be found a submarine (Chen et al., 2009). They are another 
useful addition in the generation of down force as they create down force by redirecting 
the flow of air upwards which creates a downward force on the surface of the canard. 
Canards also have the benefit of creating strong vortices that travel down the side of the 
vehicle which can act as a barrier helping to keep the high pressure flow around the car 
from mixing with the low pressure flow from under the vehicle, this prevents the loss of 
down force by keeping the two flow regions separated. Canards are not very efficient as 
they create quite a lot of drag so they are mainly used to fine tune the aerodynamics of the 
car (Chen et al., 2009).  
16 
 
                                                                                                      
Figure 9. Vortices created by the canards (Chen et al., 2009) 
 
Side skirts are useful for reducing the amount of air that can get in under the car from the 
sides. According to Chen et al. (2009)the effectiveness of a side skirt is largely related to 
how far the vehicle is from the ground. If the lower edge of the side skirt is above a certain 
height from the ground the effectiveness rapidly decreases. If an air dam is in use the air 
under the car will be at a low pressure and the air above the air dam will be at a higher 
pressure causing the air to want to flow to the low pressure region, this is where the side 
skirt comes into play as it effectively separates the two pressure regions.   
Side ducts are mainly seen on high performance vehicles as they are used for cooling 
various components and to redirect the air flow around the car (Chen et al., 2009).. Normal 
car designs trap the turbulent air that comes off the top and the back of the tire which is 
created due to the tires rotation. The combination of the turbulent air flow and the hot air 
from the engine and brakes generates are fair bit of drag. The side ducts are good at 
directing this flow away from the source and allows it to flow smoothly along the side of 
the vehicle instead of the turbulent air trying to flow out directly. If the turbulent air were 
to flow out directly it would interfere with the vertices that are generated by the canards. 
An added bonus of the side duct is that instead of having somewhat stagnant flow inside 
the engine bay and wheel arches the air is pulled out and replaced by cool air (Chen et al., 
2009).     
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Figure 10. Airflow from the side ducts (Chen et al., 2009) 
 
NACA (National Advisory Committee for Aeronautics) ducts are submerged into a desired 
location on the body of the car  explained by Chen et al. (2009). These ducts are low drag 
intakes for a variety of cooling applications. They can be used to cool the engine, brakes 
and even as a means to cool the driver if needed. The NACA duct starts with a widening and 
a slope into the inlet area. Extensive testing has been done on these ducts to make sure the 
design is a good compromise between flow rate and drag. The sharp edges on the walls of 
the duct effectively generate vortices that help the air flow to stay attached to the slope of 
the floor of the duct. If the vortices were not occurring the flow would separate which 
would in turn reduce the efficiency of the duct. 
                                                                                     
Figure 11. Shape of a NACA (National Advisory Committee for Aeronautics) duct (Chen et al., 2009) 
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Since the early days aerodynamics has had a major influence on the design of vehicles. 
Niedermeyer (2010) argues that aerodynamic efforts often challenge the aesthetic values 
of their times. Truly aerodynamic shapes have very little styling with regards to automotive 
design as they are usually very simple shapes like a tear drop or a series of smooth surfaces 
which have been extended. Back in 1939, the Schlӧrwagen prototype was tested to have a 
Cd (Drag Coefficient) of only 0.186 and when retested by VW (Volkswagen) in the seventies 
a Cd of 0.15 was reported.  
Figure 12. Front and side view of the Schlӧrwagen prototype (Niedermeyer, 2010) 
 
Niedermeyer (2010) singles out the Ford Probe V which was tested in 1985 and held the 
world record for quite a few years with a Cd of 0.137. The Ford probe concepts started with 
the Probe I which had a Cd of 0.22. After the company's near demise in 1979 Ford needed 
to do something drastic to get back into business and they were determined to be the 
leaders in the field of automotive aerodynamics.  
                         
Figure 13. Ford Probe I 1979 (left) and V 1985 (right) (Niedermeyer, 2010) 
 
More recent attempts like the Aptera 2e version 1 are capable of achieving a Cd of 0.15 as 
discussed by Niedermeyer (2010). The main issue with this type of vehicle is its' practicality, 
it requires a radically different shape to current automotive standards. As a result this type 
of vehicle will most likely not appeal to the masses.     
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Figure 14. The Aptera 2e ver.1 (Niedermeyer, 2010) 
 
The Mercedes Benz Bionic is a concept that was revealed in 2005  (Niedermeyer, 2010). It 
shows a more practical take on the design of very aerodynamic vehicles. With a Cd of 0.19 
it does not have as low of a Cd as the Aperta but the Bionic does not make any 
compromises with regards to space and passenger comfort.   
                                                                                                 
Figure 15. Mercedes Benz Bionic concept (Niedermeyer, 2010) 
 
2.10. General optimisation techniques 
The main factors that influence the aerodynamic drag of a vehicle include the overall shape 
and the surface details of the vehicle (Stone & Ball). Rounding the transition from the roof 
to the rear window gives a reduction in drag of about 9% and decreasing the width of the 
rear of the car can yield a reduction in drag of approximately 13% (Stone & Ball). By 
avoiding flow separation over the bonnet and the windshield the drag can be minimised 
and the pressure rise at the base of the windshield can be increased. This pressure rise also 
conveniently provides a source of ventilation for the passenger compartment of the vehicle 
(Stone & Ball). Other optimisation techniques include making use of a completely smooth 
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under body, strakes to smooth the air flow from the wheels, and a transversely mounted 
engine inclined at about 70  to the vertical gives a low bonnet line.  
Kasravi (2003a) suggests using the following techniques to improve the drag coefficient of a 
car: implementation of a front spoiler, ducted engine cooling, shrouded windshield wiper 
arms, specifically designed aerodynamic mirrors, smooth windshield to roof transition, 
smooth side windows transition, a smooth rear window transition from the roof, an 
optimised boot lip, an optimised lower rear bumper, a smooth fuel tank and under body, 
optimised side skirts, flush wheel covers and the elimination of the rain gutter.   
  
2.11. Unconventional attempts 
In 1966 Peugeot tried to significantly improve the lateral stability of the Peugeot CD by 
making use of large rear fins (Kasravi, 2003a). The aim of the large fins is to add lateral 
stability by making use of the same principle used with an aerofoil. The fins have a high 
pressure region and a low pressure region causing a vertical force in this case in an inward 
or outward direction. The forces from the two fins act against each other. This stabilises the 
car while travelling at high speeds as the forces tend to force the car to travel straight. 
Another similar example would be a rocket, a rocket makes use of stabiliser fins to make 
sure it has a relatively straight trajectory. The fins on a rocket create an asymmetric lift 
force that is used to control the flight and trajectory of a projectile (Silton & Massey, 2008). 
                                  
Figure 16. Peugeot CD SP66 at 1966 Le Mans (Kasravi 2003a) 
 
The figure below is a picture of a 1969 Chaparral 2J. Kasravi (2003a) mentions how the 
1969 Chaparral 2J was designed to create suction under the car. This was achieved with the 
use of auxiliary fans under the car. The main goal of this design was to keep the car 
attached to the road at any speed, greatly increasing the manoeuvrability. 
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Figure 17. Chaparral 2J (Kasravi, 2003a) 
 
2.12. Wind tunnel testing 
Hurst (1989) argues that it is important to simulate the correct flow conditions around a car 
while doing wind tunnel testing. If the model of the car is mounted above a stationary 
ground plane there would be a relative airflow with respect to the ground plane and the 
model. This relative flow between the ground and the model creates a boundary layer of 
air that passes under the car. This drastically affects the validity of the flow calculations as 
there is a velocity deficit that is created. By implementing a moving ground plane the 
airflow and the speed at which the plane moves can be synchronised in turn removing the 
velocity deficit (Hurst, 1989). Using this wind tunnel setup allows the airflow velocities of 
each item to be relative to each other, therefore accurately simulating what would happen 
to a car travelling on a road. A relative velocity exists between the car and the ground plane 
but the velocity between the ground and the moving belt is not relative. Another 
advantage of the moving belt is the ability to have the models wheels rotate by simply 
having them rest on the moving belt. This also allows for the correct rotational speed of the 
wheels to be implemented which is particularly important for open wheeled cars.   
Hurst (1989) further explains how the wind tunnel tests are carried out in order the 
measure the forces on the model. By using internally mounted strain gauges mounted 
above the working section of the model the aerodynamic forces and moments can be 
measured.  The strain gauges used are attached to support struts that generally pass 
through the ceiling of the wind tunnel. To measure the surface or flow field pressures on 
the model small electric pressure transducers can be used. The main parameter that is 
considered in all tests is the velocity of the airflow that passes over the model. Before the 
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velocity can be controlled the magnitude of the airflow needs to be measured. By using 
accurate transducers ambient test conditions, like the atmospheric temperature and tunnel 
airflow, can be measured. The velocity of the airflow can be adjusted by simply increasing 
or decreasing the speed of the fan in the wind tunnel. A digital tachometer can be used to 
measure the speed of the fan. The speed of the belt can be adjusted in a similar manner by 
making use of a potentiometer within the motor circuit.  
          
Figure 18. A scale model of the Penske PC 17 race car (Hurst, 1989) 
 
A useful way of getting  an idea of how the air is flowing over the model is by using a 
technique called visualisation (Stone & Ball). Smoke can be used to identify stream lines as 
well as regions of flow separation.  The smoke is usually created by burning kerosene or by 
making use of vaporised oil (Stone & Ball).
 
Figure 19. Stream lines and regions of separation (Stone & Ball) 
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Due to the direct relationship of the size and cost of a wind tunnel much of the testing 
done within wind tunnels are scale model tests (Stone & Ball). The main features of the full 
sized vehicle can be carried over to the scale model but certain aspect like the surface 
roughness cannot be easily be duplicated. By having a model in the wind tunnel the flow in 
the tunnel will be modified (Stone & Ball). By using the correct scale for the model the 
effects on the flow within the wind tunnel can be neglected as they become insignificant.  
 
2.13. Computational fluid dynamics and wind tunnel testing 
Computational fluid dynamics is starting to replace physical wind tunnel testing (Sunny, 
2011). The main issue with replacing physical tests with computer simulations is that to 
fully understand the forces acting on a car both physical and Computational Fluid Dynamics 
(CFD) studies need to be conducted. Currently it is not possible to completely analyse 
something as complex as the flow of air over a car. There would simply be too much detail 
and for current CFD techniques as the computational resources required are not currently 
available. With wind tunnel tests the air speed is varied which affects the forces on the car. 
These forces are recorded in order to calculate the drag and lift acting on the car. With 
computer based simulation the same equations that are used for manual calculation are 
used to find the forces on the car. These equations are the standard drag and lift coefficient 
equations.  
As stated by Sunny (2011) the drag force (FD) and coefficient of drag (CD) equations are as 
follows:  
Table 1: Standard equations of drag force and the coefficient of drag  
Drag force FD = 0.5 CD ρair Afrontal u
2 
Coefficient of 
drag  
CD = FD / 0.5 ρair Afrontal u
2 
 
where 
Ρ - is the density of air at a specified temperature 
Afrontal - is the frontal area of the car  
u2 - is the velocity of the air  
 
In order to fully understand drag for aerodynamic design purposes the drag force needs to 
be broken up into many different components. These components include the total drag X 
which comprises of the airfoil drag Xs, the inductive drag Xi which is created by the presence 
of a vortex wake behind the object, wave drag Xw has to do with pressure losses. The airfoil 
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drag is the sum of the friction Xf and pressure Xp drags the pressure drag being caused by 
the presence of a boundary layer and the pressure changes on the objects surface (Bokser 
& Sudakov, 2008). 
 
Table 2: Equation notation 
Equation notation: 
u2 = u1 + u' 
 v2 = v'  
 w2 = w'  
 
Velocity components 
ρ2 = ρ1 + ρ' Density (kg/m
3) 
p2 = p1 + p'  Pressure (kPa) 
i2 = i1 + i' Enthalpy (KJ) 
i0 = i + (u
2 + v2 + w2)/2  Total enthalpy (KJ) 
i'0 = i0 - i01  Disrupted total enthalpy (KJ) 
ρ'0 = ρ0 - ρ01  Disrupted total density (kg/m
3) 
T'0 = T0 - T01  Disrupted total temperature (K) 
s2 = s1 + s'  Entropy (KJ/ K) 
σik ~ 1/ Re ρ1 u1
2 Stress tensor 
K Thermal conductivity (W/m K) 
T Temperature (K) 
X Drag force (N) 
M1 Mach number 
 
The equations below represent the mass, momentum and energy conservation integrals 
(Bokser & Sudakov, 2008).  
 
Making use of primed variables and discarding out of order terms from the equations 
above the following equations are obtained (Bokser & Sudakov, 2008). 
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Excluding the conservation laws the basic thermodynamic identity is shown below (Bokser 
& Sudakov, 2008). 
 
The basic thermodynamic identity can be used to obtain the equation below (Bokser & 
Sudakov, 2008). 
 
The thermodynamic identity and the total energy definition combine to give the following 
equation (Bokser & Sudakov, 2008). 
 
The integral below generalises the linearised Bernoulli equation, the term T1s' is the 
Bernoulli constant (Bokser & Sudakov, 2008).  
 
 
The equation below is the sum of the airfoil and wave drag components (Bokser & 
Sudakov, 2008). 
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Inductive drag equation (Bokser & Sudakov, 2008).  
 
The pressure drag is the difference between the airfoil drag and the friction drag (Bokser & 
Sudakov, 2008) as shown below. 
 
Equating all the components the following drag equation is derived (Bokser & Sudakov, 
2008). 
 
The CFD analysis uses predefined boundary conditions to simulate the conditions within a 
wind tunnel (Sunny, 2011). CFD analysis is similar to Finite Element Analysis (FEA) as the 
model being tested can be altered and re-analysed very easily. This method of analysis 
saves time and money when compared to physical testing. A physical model continually 
being modified and tested will require more time and resources than a similar operation 
with CFD.  The only time that a CFD model will take more time and resources than a 
physical model is if the model being created is extremely complex and difficult to replicate 
in Computer Aided Design (CAD) software.   
Sunny (2011) addresses the phenomenon of turbulence in the airflow within a wind tunnel. 
A CFD wind tunnel simulation usually makes use of the Navier-Stokes Equation for precision 
and to account for the effects of turbulence. The drawback of using this equation is that to 
ensure the accuracy of the result, the CAD models mesh is made very fine. This fine mesh 
results in unrealistic solving times. Models like the Reynolds-Averaged Navier-Stokes 
Equations (RANS) used in conjunction with turbulence models can address this issue 
(Sunny, 2011). These models allow for good accuracy while maintaining viable solving 
times. Another useful solver is Large Eddy Simulation (LES) which is more accurate than the 
RANS. LES however is more expensive to implement than RANS and is usually not 
economically viable.  
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CFD simulations of the airflow around cars come with quite a few challenges (Šoda, 
Mannini, & Sjerić, 2011). These challenges include flow separation, re-attached flow, 
laminar to turbulent transitions and the detachment and creations of large eddies (vortices 
creates by the air flow). CFD simulations are very useful for experimental results as CFD 
cannot fully simulate wind tunnel conditions. Even though CFD cannot replace physical 
testing it provides a good understanding of what is occurring with the airflow in a wind 
tunnel (Šoda et al., 2011).    
Richards (2009) addresses a few of the advantages that CFD has over physical wind tunnel 
testing. CFD can simulate the airflow over a car while the car is in a corner which cannot be 
done in a wind tunnel. Another advantage is that it is much easier to simulate the effect on 
the airflow over two cars that are following each other. CFD is not capable is simulating an 
entire car as it is just too complex. Instead only the outside of the car is modelled in order 
to simulate the airflow over the vehicle.  
A very important step in the CFD process is the mesh generation of a model (Ahmad, Abo-
Serie, & Gaylard, 2010). Important factors in mesh generation include the size and the 
density of the mesh. The finer and denser the model's mesh is the more resource intensive 
the analysis will be. The finer and denser mesh allows for a more accurate solution but 
requires a lot of time to solve. The best compromise is to make use of smaller more dense 
mesh regions at the more critical areas where the most significant airflow changes will 
occur. These areas include the vehicle surface in general and more specifically the high 
velocity gradient regions (Ahmad et al., 2010). The high velocity gradient regions are areas 
like the bonnet to windshield transition, windshield to roof transition and the rear window 
to boot transition. The far field fluid domain is kept at a larger less dense mesh to reduce 
the amount of calculation spent on those regions which reduces the solver time. The mesh 
can continually be refined as the analysis progresses. After each refinement the solver is 
run to determine which areas are critical and the refinement process is repeated until an 
acceptable level of mesh refinement has been achieved. Generally the automatic mesh 
generated by the CFD software is free mesh which can be used as a starting point but will 
need to be refined to achieve the optimal level of mesh size and density.  
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2.14. Road simulation 
In real life cars move through the air over a static surface (Dimitriadis, 2013). In a wind 
tunnel simulation it is important to try and duplicate the real world airflow over a car. 
There are a few different methods that try to accomplish this. Each method has its own 
advantages and disadvantages. The most accurate method involves making use of a moving 
belt to simulate the car moving with relation to the road. This method is expensive and can 
be quite fiddley. This road simulation method allows the wheels of the car to rotate as they 
touch the moving belt. This allows for a much better representation of the airflow around 
the entire car (Dimitriadis, 2013). The rotation of the wheels generates quite a large 
amount of turbulence. If this can be simulated it greatly increases the accuracy of the 
results. The road simulation within a CFD analysis can be done by using symmetry or by 
using the elevated ground plane method. 
 
                                     
Figure 20. Methods of road simulation (Kasravi, 2003b) 
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2.15. Literature summary 
This literature review has provided the necessary background information required to 
understand the airflow around a vehicle and how to alter that airflow.  
Some of the major factors that contribute to the drag force acting on a vehicle include the 
overall shape of the vehicle, the undercarriage, the slope of the nose and bonnet, the 
transitions between the windshield, the rear window and the respective panels. Some of 
the other features on a car that cause drag are the side mirrors, the wheels, the airflow 
through the radiator that gets pushed against the engine, and the flow separation of air 
due to un-optimised surfaces.  
The most effective way of decreasing drag is to reduce the frontal area of the vehicle. Some 
of the optimisation techniques include redirecting air that enters the engine bay through 
the radiator. This air is redirected out through the wheel arches or on the side panels 
behind the front wheels. Other methods include optimising the boot lip, creating gentler 
transitions from the front and rear windshields from the bonnet and to the boot as well as 
the addition surface features like splitters. 
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Chapter 3: Consequential effects 
The information from the literature review provided a good understanding of how to 
modify a car in order to reduce the drag force acting on that vehicle.  
A CFX analysis was conducted on a basic car model. The setup used for the basic model has 
established a working setup that can be used with more complex models. These complex 
models will share the same initial conditions. 
The Mercedes-Benz SLS will be used as a base, the car will be modified in an attempt to 
reduce the drag force acting on the vehicle. A model of the original car will be made in Creo 
2.0 and then modified to reduce the drag without altering the car to a point where it does 
not resemble the original. The modified car will be aerodynamically more optimised than 
the original.  
Chapter 4: Methodology 
Ansys Workbench was used to conduct a CFD analysis of a basic car model to find the drag 
and lift forces acting on that model. After the basic analysis was completed more complex 
car models were created and analysed with CFX. One of the more complex models is an 
original SLS model. This model was altered in order to reduce the drag acting on the car.  
The basic model was used to test the setup that was used on the complex models. A basic 
analysis was conducted on this model to establish the best configuration of the parameters 
for the complex models. 
The main steps involved in conducting a CFD analysis include, creating the model, meshing 
of the model, the analysis and displaying/ interpreting the results. 
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Figure 21.  Basic model (left), example of a more complex model (B Daryakenari, Abdullah, Zulkifli, 
Sundararajan, & Sood, 2012)(right) 
 
4.1. Model 
The image below shows a side view of the basic car model as well as the enclosure which 
can essentially be considered the wind tunnel.  
                                                                
Figure 22. Side view of the model of the car and the enclosure (wind tunnel) 
 
Only the left side of the car was modelled as the right side can be produced by using a 
symmetry plane on the inside surface of the car.  
                                                                                                                                    
Figure 23. Left side of the car 
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The basic model in the figure above is the size of a regular car. Once mirrored the car has a 
height of 1.4m and a width of 2m.  If the model was scaled it would affect the amount of 
drag force acting on the model. The force would be decreased as the frontal area of the 
scale model would be less. The scale however does not affect the drag coefficient as the 
change in surface area and drag are accounted for in the Cd equation.  
 
4.2. Mesh 
Table 3: Mesh Generation 
Options Property 
Defaults: 
Physics preference 
Solver preference 
Relevance 
 
CFD 
CFX 
-40 
Sizing: 
Use advanced size function  
Relevance centre  
Initial size seed 
Smoothing 
Transition 
 
On: proximity and curvature 
Medium 
Full assembly 
Slow 
Fine 
Inflation: 
Use automatic inflation  
Inflation option 
Maximum layers 
Growth rate  
Gap factor 
 
Program controlled 
Smooth transition 
5 
1.2 
0.5 
*Defeaturing: 
Pinch tolerance  
Generate pinch on refresh  
Automatic mesh based defeaturing 
 
Default 
No 
On 
Statistics: 
Nodes 
Elements  
Mesh metric 
 
184 837 
115 596 
None 
*Defeaturing can be used to remove thin bad quality mesh by making use of pinch controls (ANSYS 
Inc., 2013) 
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For comparison a rectangle with a height of 1800mm, width of 2000mm and length of 
3500mm has 7013 nodes and 1440 elements. A Sphere with a 500mm radius has 1893 
nodes and 1029 elements. It can be seen from these values that the car model is much 
more complex than these simple shapes even though it is a simple car shape.  
This basic model has a very simple geometry and is being used to test the CFX set up for the 
analysis of geometrically more complex models. This basic model was made using the built 
in geometry editor in Workbench whereas the more complex models will be created using 
Creo 2.0. 
Currently the mesh is unstructured which is less accurate than structured mesh but much 
faster to produce and analyse (ANSYS Academic Research Release 14.5). 
Figure 24. The mesh around the car (left),  mesh of the wind tunnel and the car (right) 
Mapped mesh (structured mesh) makes use of an equal number of nodes on each 
boundary segment whereas free mesh (unstructured mesh) unevenly distributes the 
elements (Patra, 1999). The meshing process is very important. The accuracy of the end 
result largely depends on the quality of the mesh. 
                                                                         
Figure 25. Mapped mesh compared to free mesh (Patra, 1999) 
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Using mapped mesh allows the flow over the car to be parallel/ perpendicular to the mesh 
layers. The benefit of this is an increased accuracy during the CFD analysis. Some of the 
more important settings include relevance and inflation. 
Relevance affects the fineness of the mesh for the entire model (ANSYS Academic Research 
Release 14.5). Relevance affects the speed and accuracy of the solution (ANSYS Academic 
Research Release 14.5).For the basic mode a negative relevance value was used to increase 
the speed of the solution. The larger the relevance value the more accurate the solution 
becomes. The less accurate mesh uses fewer elements and is less resource intensive.  
The inflation settings determine the height of the inflation layers (ANSYS Academic 
Research Release 14.5). Some of the more important options for inflation include the 
growth rate, the total thickness and the last aspect ratio option. Growth rate controls the 
total height of the inflation layer. Total thickness creates a consistent layer thickness 
through the entire mesh. The last aspect ratio option allows the height of each of the layers 
to be controlled.  
                                                                                          
Figure 26. Mesh using the last aspect ratio option (ANSYS Academic Research Release 14.5) 
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4.3. Setup in CFX-Pre  
The boundary conditions within CFX-Pre include the inlet, outlet, wall, car body and the 
symmetry regions.  
Figure 27. The setup of the wind tunnel in CFX-Pre 
An air inlet velocity of 15m/s is used which is 54km/h. Theoretically the drag coefficient is 
not dependant on the speed of the air, the car should have the same Cd at any speed. As 
the velocity of the air increases so does the drag which is accounted for in the Cd equation.  
 
Table 4: Analysis setup  
Setup options Property 
Fluid domain: Air at 25°C with standard atmospheric pressure                                                            
Fluid model: Shear Stress Transport  
Bottom surface of the wind 
tunnel: 
Boundary type 
Option 
Wall roughness option 
 
Wall 
No slip wall 
Rough wall, sand grain roughness 
0.1m                                                                               
 
Figure 28. Floor 
Car : 
Boundary type 
Option 
Wall roughness option 
 
Wall 
No slip wall 
Smooth wall  
Figure 29. Car 
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Free Walls: 
Boundary type 
Option 
Wall roughness option 
 
Wall 
No slip wall 
Smooth wall 
 
 
Figure 30. Walls 
Inlet:  
Boundary type 
Flow regime option 
Mass and momentum option  
Normal speed 
Turbulence 
 
Inlet 
Subsonic 
Normal speed 
15 m/s 
Low (Intensity = 1%) 
 
Figure 31. Inlet 
 
Outlet:  
Boundary type 
Flow regime option 
Mass and momentum option  
Relative pressure 
                                                                                                              
Outlet 
Subsonic 
Static pressure  
0 Pa 
 
Figure 32. Outlet 
Symmetry region: 
Boundary type 
 
Symmetry  
 
Figure 33. Symm. 
Global initialisation: 
Velocity type 
Cartesian velocity components 
option 
U 
V 
W 
Static pressure option 
Turbulence 
 
Cartesian 
Automatic with value 
15 m/s 
0 m/s 
0 m/s 
Automatic 
Low (Intensity =1%) 
Solver control: 
Advection scheme option 
Turbulence numeric's option 
Convergence control: 
Min. Iterations 
Max. Iterations 
Fluid timescale 
Physical timescale 
Convergence criteria 
Residual target  
Advanced options: 
Dynamic model control 
 
High resolution 
First order 
 
1 
60 
Physical timescale 
2 sec 
RMS (Root Mean Square) 
0.00001 
 
  (Selected) 
Output control: 
Option 
File compression 
 
Standard 
Default 
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Monitor: 
Monitor objects 
Monitor points and expressions 
 
  (Selected) 
CD, CL, ForceDrag, ForceLift 
Expressions: 
Denom 
Drag 
Fx 
Fy 
Lift 
V 
cD 
cL 
 
0.5*massFlowAve(Density)@inlet*V^2*2[m]*1.4[m] 
Fx 
Force_x()@body 
Force_y()@body 
Fy 
15 [m s^-1] 
Drag/Denom 
Lift/Denom 
 
Fluid models are mathematical models that are used in software packaged like Ansys CFX 
to simulate the flow of fluid for a specific scenario. Different fluid models are used for 
different analysis types. Two of the commonly used fluid models for air flow are k-Epsilon 
and Shear Stress Transport. k-Epsilon is a standard fluid model that can be used for a wide 
range of simulations (ANSYS Academic Research Release 14.5). The Shear Stress Transport 
fluid model is recommended for accurate boundary layer simulations (ANSYS Academic 
Research Release 14.5). For this particular case which involved the aerodynamic properties 
of a car the air flow at the boundaries is very important and for this reason the Shear Stress 
Transport model was used.    
Some custom monitoring points were implemented in the analysis to provide values for the 
required forces on the model. These monitoring points receive their data from the 
expressions which are also specified for the analysis. 
 
4.4. Displaying Results 
Displaying the results can be done in many different ways. Anything from a velocity vector 
plot to a 3D animation of the air particles moving over the car's surface can be used. 
Vector plots effectively show the differences in the velocity of the airflow over certain 
sections of the car's body.   
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Figure 34. Velocity vector plot 
It can be seen in the figure above that the high velocity flow regions are around the 
transition of the windshield to the roof, the rear windshield transition and just after the 
nose of the car. The oncoming air flow has a velocity of 15m/s. The high speed air is flowing 
over the car at 22m/s and the lower speed airflow at the nose and tail of the car has a 
velocity of about 5m/s.  
 
                     
Figure 35. Streamlines showing the flow of air 
Streamlines are very effective at showing how the air flows over and away from the surface 
of the car. Streamlines can also be used to show the airflow on the surface of the car. 
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4.5. Result calculations 
The forces given by the CFX analysis can be used to calculate the drag and lift coefficients. 
The equations below allow the lift, drag and side force coefficients to be calculated. These 
equations were used instead of the more complex equations that have been produced by 
(Bokser & Sudakov, 2008) as these common equations are easy to use and provided 
enough accuracy for this investigation.   
              
Figure 36. Equations of the coefficients of lift, drag and side force(Kasravi, 2003a) 
 
The result from CFX shows that the basic model has Cd of 0.31 whereas the hand 
calculation has a Cd of 0.32. It should be noted that both calculations use the same drag 
force as this value is calculated by CFX. The hand calculations were performed to check if 
the value used by CFX for air density gives a similar result. This result was then compared to 
the hand calculation which uses a density value sourced from a table. CFX determines the 
air density from the provided input parameters and does not require a value to be entered.  
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Table 5: Example calculation of the drag coefficient 
Value Description 
A = 2 * 1.4  
    = 2.8 m
2 
 
 
Frontal area of the car 
Height = 1.4m 
Width = 2m  
Rho = 1.146 kg/m
3
 @ 25˚C  
 
Interpolated from Table 28 (Kreith, Manglik, 
Bohn, & Tiwari, 2011) 
V = 15 m/s 
 
Velocity of the air at the inlet 
Drag force = 115.3 N (CFX) 
 
Value calculated by CFX based on the air 
temperature, density and velocity 
Therefore:  
Cd = 115.3 / 0.5 * 1.146 * 15^2 * 2.8  
      = 0.32 
 
The resulting drag coefficient is 0.32. The basic geometry of the model will help it have a 
smaller Cd as there are no complex surfaces to generate additional turbulence in the air 
flow over the model. It should be noted that this model's Cd would greatly increase if 
wheels, panel gaps and the drive train were to be included in the geometry.  
These calculations were conducted with the air temperature at 25˚C. If the air temperature 
is changed, the air density and drag force values need to be modified.   
The difference between the two Cd values is 3.1%, this discrepancy between the two Cd 
values is most likely due to the lower accuracy of a manual calculation. The CFX calculation 
would be more accurate since the software would use more decimal points to conduct the 
calculation. CFX also calculates its own air density where as the manual calculation relies on 
a value that was interpolated from a table.  
To calculate the lift acting on the model a similar process was followed by using the lift 
force value calculated by the CFX analysis. This lift value is used in conjunction with the 
coefficient of lift equation.  
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Chapter 5: Creation of SLS model in Creo 2.0 
Creation of a more complex model in Creo 2.0 required the use of a surface modelling 
technique. Instead of using the solid modelling technique that is commonly used in Creo, 
the surfaces tab with the style application is used. To start off the reference planes are 
used to display the blueprints of the car. The blueprints were obtained from the technical 
specifications of the SLS on Mercedes-Benz Australia's website (Mercedes-Benz 
Australia/Pacific Pty Ltd). From these blueprints the surface lines were drawn using the 
spline tool, once enough splines had been drawn they were linked to create the required 
surfaces. After the surface modelling was completed the model was converted into a solid 
using the fill function in Creo. Only half of the model was created as the model could simply 
be mirrored once it was done.  The wheels of the model were created using the standard 
solid modelling tools within Creo. 
 
                                         
Figure 37. Model blueprints and a few initial spline curves 
Each of the blue curves in the figure above is a spline curve. Once enough curves have been 
created and lined up correctly in the X, Y and Z planes surfaces can be created. Each of the 
curves needs to be attached to another curve in order to form a closed section. The 
surfaces obtain their shape from the curves therefore the curves need to be placed 
carefully otherwise the surfaces won't come out smooth. Surfaces can be adjusted but the 
best result is obtained from correctly aligned curves.  
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Figure 38. SLS model missing a few surfaces 
Once surfaces are created it can be determined if more curves are required to define the 
shape of a panel. If too few curves are used the surface will come out to flat or 
ununiformed. Each additional curve helps to define the surface but there is a point that 
gets reached where any additional curves start to make it more difficult to achieve a 
smooth surface as each additional curve would have to be aligned correctly.  
                                                                                         
Figure 39. Mercedes-Benz SLS AMG model nearing completion 
After all the curves and surfaces were created all that was left to do was turn the surface 
model into a solid. To make a surface model a solid in Creo 2.0 the solidify function was 
used.  
 
Figure 40. The finished solid model of the original SLS 
Once the model was converted into a solid it was saved as a stereolithography (.stl) file 
which was used by the 3D printer to print a scale model of the car. 
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5.1 Modified SLS 
To create the modified SLS model the original SLS model was used, certain features were 
changed in an attempt to reduce the drag force acting on the car. Once the modified SLS 
was completed the file was used to prints a scale model of with the use of a PROJET 
HD3500 3D printer.  
 
Figure 41. Original SLS model 
 
Figure 42. Modified SLS model 
The aspects of the original model that were modified include the addition of a splitter on 
the bottom of the front bumper, lowering the height of the nose, making the side mirrors 
smaller, adjusting the transition of the rear window to the boot and the addition of an 
optimised boot lip. It should be noted that both models have a smooth under body.  
The splitter on the front bumper splits the airflow flowing over the car. Some of the air will 
flow under the car and the rest will flow over and around the sides (Chen et al., 2009). 
Lowering the nose decreases the large flat surface at the front of the car as well as 
deflecting some of the air flowing over the bonnet. Smaller side mirrors create less drag 
and the refined shape causes less turbulent airflow coming off the mirrors. The rear 
window to boot transition has been modified to incorporate a smooth transition rather 
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than a meeting point for two separate surfaces. This allows the airflow to stay attached and 
reduces the amount of turbulent airflow off the rear of the car (Kasravi, 2003a). The 
optimised boot lip encourages the air to separate quickly and create less turbulence as the 
air remains laminar when separating (Stone & Ball). A smooth under body is quite 
significant when it comes to drag, a smooth under body promotes high speed low pressure 
flow under the car which has the benefit of adding some down force as the car is sucked 
down.  
Chapter 6: CFX analysis of SLS model 
6.1: Original and modified 
 
Figure 43. Original SLS enclosure side and front view 
 
Figure 44. Modified SLS enclosure side and front view 
The enclosure size for the geometrically simpler model was about twice the size of the 
enclosures used for the complex models. The modified SLS model would not mesh with this 
size of enclosure therefore the enclosures size was changed. The original SLS was 
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successfully meshed with a larger enclosure and provided a drag coefficient of 0.38, when 
the enclosure size was reduced to the smaller size to accommodate the modified SLS model 
the Cd of the original model changed to 0.43. The smaller size of the enclosure affected the 
Cd as the flow of air is more concentrated. The use of the smaller enclosure is purely for 
the direct comparison of the original SLS and modified SLS models. If it was possible to use 
a larger enclosure the drag coefficient would have been more comparable to other drag 
coefficient since the initial conditions would have been similar to a real world wind tunnel.  
 
Table 6: Enclosure size  
Location \ Model Original SLS large 
enclosure  
Original SLS small 
enclosure  
Modified SLS small 
enclosure  
X-axis (mm) 4000 2400 2400 
Y-axis (mm) 4000 2400 2400 
-ve Z-axis (mm) 8000 2400 2400 
+ve Z-axis (mm) 8000 2400 2400 
Note: All dimensions are taken from the outermost surface of the model in the respective direction. 
 
6.2: Mesh 
Due to the difficulties with meshing these more complex models have been meshed with 
unstructured mesh. Structured mesh is more accurate as the airflow over the model would 
have been parallel to the mesh but by using unstructured mesh with a smaller size the 
accuracy can be matched quit easily. The most important part of the meshing process is 
having good quality mesh at critical locations on the model (Patra, 1999). The areas where 
there is the most change in the airflow were refined as well as the areas where the most 
drag would be produced required refined mesh. These are areas like the nose, the 
windshield transitions, the side mirrors and the boot lip.  
 
Table 7: Original SLS mesh 
Options Property 
Defaults: 
Physics preference 
Solver preference 
Relevance 
 
CFD 
CFX 
0 
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Sizing: 
Use advanced size function  
Relevance centre  
Initial size seed 
Smoothing 
Transition 
 
On: curvature 
Coarse 
Active assembly 
Slow 
Fine 
Inflation: 
Use automatic inflation  
 
none 
Defeaturing: 
Pinch tolerance  
Generate pinch on refresh  
Automatic mesh based defeaturing 
 
Default (4.78mm)) 
No 
On 
Statistics: 
Nodes 
Elements  
Mesh metric 
 
752 231 
4 024 191 
None 
Sizing: 
Custom sizing on enclosure 
 
50mm 
 
 
Figure 45. Mesh size of the original SLS enclosure 
 
Figure 46. Mesh size of the original SLS 
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Table 8: Modified SLS mesh 
Options Property 
Defaults: 
Physics preference 
Solver preference 
Relevance 
 
CFD 
CFX 
0 
Sizing: 
Use advanced size function  
Relevance centre  
Initial size seed 
Smoothing 
Transition 
 
Off 
Medium 
Active assembly 
Medium 
Slow 
Inflation: 
Use automatic inflation  
 
None 
Defeaturing: 
Pinch tolerance  
Generate pinch on refresh  
Automatic mesh based defeaturing 
 
0.1mm 
No 
On 
Statistics: 
Nodes 
Elements  
Mesh metric 
 
2 046 729 
11 598 852 
None 
Sizing: 
Custom sizing on enclosure 
Custom sizing on most of the models 
surfaces 
 
50mm 
1mm 
 
 
Figure 47. Mesh size of the modified SLS enclosure 
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Figure 48. Mesh size of the modified SLS 
The modified SLS's mesh is refined on most of the surfaces to try and achieve a high level of 
accuracy. The front sections of the wheels were refined as they are the prominent surfaces 
on the wheel that come into direct contact with the airflow. The side of the model has also 
been refined as this allows for a more accurate analysis of the airflow from the front wheel 
arch and the side of the car.  
 
6.3: CFX- Pre  
Table 9: Analysis setup for original SLS and modified SLS models 
Setup options Property 
Fluid domain: Air at 25°C with standard atmospheric pressure                                                            
Fluid model: Shear Stress Transport  
Bottom surface of the wind 
tunnel: 
Boundary type 
Option 
Wall roughness option 
 
Wall 
No slip wall 
Rough wall, sand grain roughness 
0.1m                                                                               
 
Figure 49. Floor 
Car Model: 
Boundary type 
Option 
Wall roughness option 
 
Wall 
No slip wall 
Smooth wall  
Figure 50. Car 
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Free Walls: 
Boundary type 
Option 
Wall roughness option 
 
Wall 
No slip wall 
Smooth wall 
 
 
Figure 51. Walls 
Inlet:  
Boundary type 
Flow regime option 
Mass and momentum option  
Normal speed 
Turbulence 
 
Inlet 
Subsonic 
Normal speed 
15 m/s 
Low (Intensity = 1%) 
 
Figure 52. Inlet 
 
Outlet:  
Boundary type 
Flow regime option 
Mass and momentum option  
Relative pressure 
                                                                                                              
Outlet 
Subsonic 
Static pressure  
0 Pa 
 
Figure 53. Outlet 
Symmetry region: 
Boundary type 
 
Symmetry  
 
Figure 54. Symm. 
Global initialisation: 
Velocity type 
Cartesian velocity components 
option 
U 
V 
W 
Static pressure option 
Turbulence 
 
Cartesian 
Automatic with value 
15 m/s 
0 m/s 
0 m/s 
Automatic 
Low (Intensity =1%) 
Solver control: 
Advection scheme option 
Turbulence numeric's option 
Convergence control: 
Min. Iterations 
Max. Iterations 
Fluid timescale 
Physical timescale 
Convergence criteria 
Residual target  
Advanced options: 
Dynamic model control 
 
High resolution 
First order 
 
1 
60 
Physical timescale 
2 sec 
RMS (Root Mean Square) 
0.00001 
 
  (Selected) 
Output control: 
Option 
File compression 
 
Standard 
Default 
50 
 
Monitor: 
Monitor objects 
Monitor points and expressions 
 
  (Selected) 
drag, lift 
Expressions: 
Denom 
Drag 
Fz 
Fy 
Lift 
V 
cD 
cL 
 
0.5*massFlowAve(Density)@inlet*V^2*2[m]*1.4[m] 
-Fz 
Force_z()@body 
Force_y()@body 
Fy 
15 [m s^-1] 
Drag/Denom 
Lift/Denom 
 
 
6.4: Results  
The results of the CFD analysis in Ansys CFX show an improvement of about 12% for the 
drag coefficient of the modified SLS model. The lift coefficient has improved by 24%, this 
can be seen in the table below. The decrease in the lift coefficient indicates that there is 
more down force on the modified SLS. This additional down force would allow the car to 
corner at higher speeds (B Daryakenari et al., 2012).  
 
Table 10: CFX analysis results 
Original SLS Values 
Drag Force (N) 64.4 
Drag Coefficient (Cd) 0.43 
Lift Force (N) 43.5 
Lift Coefficient (Cl) 0.29 
 
Modified SLS Values 
Drag Force (N) 56.9 
Drag Coefficient (Cd) 0.38 
Lift Force (N) 32 
Lift Coefficient (Cl) 0.22 
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6.4.1: Pressure contour plots 
 
Figure 55. Original SLS 
The original SLS model has high pressure regions on the nose, front bumper, side mirrors 
and the front of the wheels. The highest pressure on the car is about 168 Pa which is acting 
the surfaces which are perpendicular to the air flow.  
 
Figure 56. Modified SLS 
The pressure contour shows how the modification to the front of the vehicle has 
redistributed the pressure acting on the front of the car. The highest pressure on the 
modified SLS model is 156 Pa which is a reduction of 12 Pa when compared to the original 
SLS model.  
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6.4.2: Stream lines 
 
Figure 57. Original SLS 
The figure above makes use of streamlines to indicate how the air flows over the original 
SLS model. As can be seen in the figure above the wheels create quite a bit of turbulent air 
flow. The air flow over the car is quite good, there is not much flow separation on the body 
of the car and the air flowing around the wind shield is laminar. There is a bit of flow 
separation after the roof which can be better seen in the velocity vector plot in figure 59.  
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Figure 58. Modified SLS 
The streamlines in the figure above show the airflow over the vehicle after the 
modifications. The top surface of the vehicle has been affected as more air is flowing over 
the top of the car due to the lowered nose and the splitter. The air flowing over the bonnet 
is more attached and laminar. The air flowing off the back of the car is much better as the 
flow stays attached to the surface and is laminar, these improvements can be seen more 
easily in figure 60. 
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6.4.3: Velocity vector plot 
 
Figure 59. Original SLS 
The original SLS has a large flat area that would usually house the radiator. This flat surface 
has a significant effect on the airflow, in reality the effect would not be as severe as in this 
situation due to the air being able to flow through the radiator.  The velocity of the air 
flowing over the radiator area in this situation has been slowed down to around 6m/s from 
an initial velocity of 15m/s. As can be seen in the figure above a lot of the airflow is being 
disrupted by the large flat area on the nose of the car which induces more drag. Other 
regions that are not ideal include the rear windshield to boot transition as the flow 
becomes separated. The air flowing from under the car is creating vortex which is creating 
a small air pocket behind the vehicle which is reducing the size of the wake behind the 
vehicle. This quite effectively reduces the drag on the vehicle (Edgar, 2008) but wake 
induced drag is a small percentage of the overall drag force that acts on the car. The vortex 
pocket is only in the centre of the car as the air flowing around the sides of the vehicle start 
to curve in and alter the flow.  
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Figure 60. Modified SLS 
The velocity vectors show how much of a difference the lowered nose has made to the 
airflow over the front of the car. The lowered nose has allowed the air to flow over the 
bonnet quite easily whereas before it would hit the vertical surface before being forced up 
and over the nose. The flow over the bonnet has also been improved as the airflow is more 
laminar. Some of the air is being deflected over the bonnet due to the gradient of the initial 
section of bonnet just after the nose. This allows some of the air to be pushed up into a 
higher flow region reducing the amount of air that has to flow over the bonnet. The air that 
does travel over the bonnet stays attached and laminar. The airflow over the rear 
windshield to boot transition is nice and laminar and stays attached all the way until it is 
separated by the optimised boot lip. The modified SLS model has a bigger wake than the 
original SLS model. However the gains made due to the laminar flow separation at the boot 
lip and at the rear windshield to boot transition outweigh the additional drag added by the 
larger wake. The drag force produced by a wake is considered significant when compared 
to the drag produced from other drag inducing regions (Edgar, 2012). The drag reductions 
achieved from the other modifications outweigh the additional force produced from the 
larger wake. The flow represented by the velocity vector plots is only a cross section of the 
airflow in the middle of the vehicle. The velocity vector plot provides a good idea of how 
the air is flowing over the large middle section of the vehicle.  
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6.5: Discussion 
The CFX analysis shows that the each of the areas of the original SLS model that were 
altered had a positive effect on the overall drag acting on the car. The drag force was 
reduced by 7.5N and the drag coefficient decreased from 0.43 to 0.38.  
The biggest improvements on the airflow over the car have been made at the nose and at 
the rear window to boot transition as well as at the boot lip. The flow at the nose of the 
modified car is now more effectively separated into air flowing under the car and the rest 
of the air flowing over and around the car due to the splitter. The airflow over the rear 
section of the car stays attached and laminar due to the change in the rear window to boot 
transition. The optimised boot lip allows a clean flow separation at the end of the vehicle as 
well as maintaining a mostly laminar flow directly after the boot lip which reduces drag as 
there is not much turbulent flow that is created.  
A more pronounced wake is produced due to the modifications made to the car but the 
additional drag created by the larger wake is outweighed by the benefit of the overall drag 
reduction that has been achieved.  
Chapter 7: Wind tunnel testing 
7.1: Original and modified SLS 
 
Figure 61. Original SLS model 
For the original SLS a die cast model is being used as it accurately represents the full sized 
car. The die cast model is a 1/36 scale.  
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Figure 62. Modified SLS model  
The modified SLS is a 3D printed model that was created in Creo 2.0. It has been scaled 
down to a 1/36 scale to match the size of the die cast model being used as the original SLS. 
The original SLS model and the modified model's dimensions are very close.  
 
 Table 11: Model dimensions 
Dimensions Original SLS model Modified SLS model 
Length (cm) 12.5 12.6 
Height (cm)   2.8 2.8 
Width (cm) 5 4.9 
Frontal Area (cm2) 14 13.72 
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7.2: Set up 
 
Figure 63. Inlet of the wind tunnel in the hydraulics lab 
The wind tunnel in the Z block hydraulics lab was used to determine the lift and drag forces 
on both the original and modified SLS models.  The pre-existing equipment that was set up 
in the wind tunnel was used as this was the most practical way of conducting the wind 
tunnel testing with the available time left for the testing.  
To determine the air speed within the wind tunnel a Pitot tube is used. In order to 
determine the air speed from the Pitot tube the density of the air within the wind tunnel 
needs to be known. The Pitot tube contains water which is affected by the air flow which 
creates a pressure difference. This pressure difference can be calculated by recording the 
displacement of the water. From all the data and measurement taken the airspeed within 
the wind tunnel can be calculated.  
 
Figure 64. Measurement equipment 
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The multimeter was used to display the reading taken by the dynamometer which was 
used to measure and record the amount of drag and lift on the model. The drag force is 
given in grams and needs to be converted into Newtons in order to be used to calculate the 
drag coefficient. The lift is measure by the dynamometer and is given in newtons.  
 
Figure 65. Original SLS model mounted in the wind tunnel 
 
Figure 66. Modified SLS model mounted in the wind tunnel 
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Figure 67. Wind tunnel enclosure with modified model 
Both the original and modified SLS models were mounted horizontally in the wind tunnel. If 
the model were mounted at an angle additional lift or down force would be created. This 
would provide inaccurate testing conditions as a car is typically horizontal to the surface of 
a road.  
 
7.3: Testing procedure 
The steps that were followed in order to conduct the wind tunnel tests include securing the 
model in the wind tunnel, zeroing the measuring equipment, starting the test at a low 
speed and working up to faster speeds, taking measurements at each speed increment and 
repeating the test three times to establish more accurate results.  
Securing the models was done with the use of an L shaped bracket two holes and some 
cable ties. The L bracket was attached to the flat rod that is attached to the equipment that 
measures the lift and drag forces acting on the model.  
In order to zero the measuring instrumentation two radial dials were adjusted until the 
values of the lift and drag displays were as close as possible to zero. The dials are very 
sensitive and it was therefore quite hard to have the readout on the displays show exactly 
zero.  
Before starting the wind tunnel's motor the enclosure lid was closed to avoid injury to the 
operator or damage to the enclosure. Once the motor had been started the wind tunnel's 
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speed was adjusted to a reasonably slow speed. For each test the wind tunnel was adjusted 
to four speeds and the lift and drag force readings were written down. The test was 
conducted three times with each model to obtain a reasonable amount of data for analyses 
allowing for an averaged value to be obtained. Obtaining an average value ensures a good 
result as it accounts for variables that affect each of the runs.  
 
7.4: Results 
 
Table 12: Wind tunnel test results 
Original SLS Values 
Drag Force (N) 0.36 
Drag Coefficient (Cd) 0.82 
Lift Force (N) 0.12 
Lift Coefficient (Cl) 0.42 
 
Modified SLS Values 
Drag Force (N) 0.31 
Drag Coefficient (Cd) 0.74 
Lift Force (N) 0.14 
Lift Coefficient (Cl) 0.42 
Note: Values are averaged from three runs with four different air speeds with the omission of 
outlying values 
 
The results show a drag coefficient improvement of around 10%. In theory an improvement 
of up to 15% could have been expected. Rounding the transition from the roof to the rear 
window gives an improvement of about 9% and decreasing the width of the rear of the car 
can result in a drag reduction of approximately 13%. (Stone & Ball). Considering all the 
modifications that were made to the original model the percentage of improvement is 
about what was expected.  The wind tunnel tests show that the lift coefficients of the 
original and modified SLS models are the same.  
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7.5: Discussion 
The models were securely attached to the flat iron rode. There was no independent 
movement between the bracket and the iron rode. This helped to produce good data as 
there were no additional variables created due to erratic movement from the model.  
The measurements taken were valid if the results of the original SLS model were directly 
compared to the modified SLS. The results for either model on their own don't show much 
in term of understanding the forces on the models as there is nothing similar to compare it 
to.  
The results from the wind tunnel testing show that the drag force acting on the original SLS 
had been reduced. Some of the values obtained during the wind tunnel tests were 
considered outliers and were not include in the average value calculations in order to 
obtain reliable results.  
The Mercedes-Benz SLS is already quite aerodynamic with a drag coefficient of 0.35 
(Mercedes-Benz Australia/Pacific Pty Ltd) therefore the aerodynamics were optimised to 
further reduce the drag coefficient.  
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Chapter 8: Conclusion  
The main aim of this project was to investigate methods of reducing the drag force acting 
on a vehicle. The Mercedes-Benz SLS was used as a base vehicle and the drag coefficient 
had been improved with the optimisation of some of the cars aerodynamic features.  
Further research could be conducted on the usefulness of making use of air vents to 
redirect air from the front and sides of the vehicle. This redirected air could change the air 
flow over critical surface features on the car. This would allow engineers to streamline a 
vehicle without changing the overall appearance with regards to the cars surface features.  
The results are valid when the original SLS model is compared to the modified SLS as the 
results do not translate universally due to different testing conditions. The computational 
fluid dynamic analysis is also a comparison between the two models as a smaller enclosure 
was needed in order the mesh the modified SLS model. If a larger enclosure could have 
been used it would have been possible to obtain a universal drag coefficient which could 
have been directly compared to other vehicle's drag coefficients. The expected range for 
the Cd would be around the 0.35 range as this is the stated drag coefficient of the original 
Mercedes-Benz SLS (Mercedes-Benz Australia/Pacific Pty Ltd). 
The CFD analysis is reliable as long as the same input parameters are used during the 
simulation. The number of iterations could change the outcome slightly making the answer 
more accurate. Slightly more accurate results would be produced after a certain number of 
iterations but the additional time required for solving the simulation makes it a nonviable 
option. The physical testing is less reliable as there are more factors that influence the 
results that are obtained.  The calibrations of the measuring instruments, the human error, 
the possibility of a slight shift in the position that the model is mounted in and the air 
temperature are some of the factors that could influence the outcome. Precautions and 
certain strategies were used to minimise the effect of these variables but the bottom line is 
that physical testing cannot be as closely or easily controlled when compared to CFD. 
The lift coefficient improvement shown in the CFX analysis was not confirmed in the wind 
tunnel tests. This could be due to inaccurate measurements, models what where not 
mounted at exactly the same angle or human error. The lift coefficients produced from the 
wind tunnel tests are exactly the same for both the original and modified SLS models.  
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Overall the outcome is positive, when the two models are compared directly it can be seen 
that the modifications made to the original SLS model have been successful. The modified 
SLS has been aerodynamically optimised reducing the amount of drag acting on the vehicle.  
  
65 
 
Chapter 9: Safety issues 
Precautions have been taken against personal injury while conducting the written part of 
the project as ergonomic peripherals are being used. A comfortable seating position is 
being used to reduce fatigue. A proper screen calibration has been conducted to minimise 
eye strain during extended periods of computer use.  
Complying with the safety standards of the Faculty of Engineering and Surveying the 
following conditions must be met when working in a laboratory: 
 Closed shoes in labs  
 Hearing and eye protection if needed 
 Supervision by USQ staff member if required while using equipment  
 During wind tunnel testing a laboratory technician must be supervising the process 
If custom apparatus need to be made for securing the car model in the wind tunnel 
laboratory supervision will be required if the university's tools are used.  
Adrian Blokland addressed any printing needs of the ProJet 3D printer. 
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Chapter 10: Resource requirements 
The following resources were required to complete the testing of a 3D car model in the 
USQ wind tunnel.  
 CAD software for model creation 
 PTC Creo 2.0 
 Ansys Workbench 14.5 for analysis 
 CFX  
 USQ's 3D printer 
  PROJET HD3500 Plus in Z129  
 Under the supervision of Adrian Blokland  
 3D printer consumables  
 Printing cartridges  
 USQ's wind tunnel  
 Data collection equipment  
 Resources for force measurement 
 Setup used for wind tunnel experiment for mechanical  practise 4 
(MEC3904)  
 An apparatus for securing the model 
 Mohan Trada 
 Costs 
 3D printer material cartridge (Unknown amount) 
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Chapter 11: Timelines 
Table 13: Timelines  
Week Date To do  
Semester 1 
1  25 Feb — 1 Mar  Ansys tutorials  
2  4 — 8 Mar  Ansys tutorials 
3  11 — 15 Mar  Ansys tutorials 
4  18 — 22 Mar  Basic model creation and initial analysis 
5  25 — 29 Mar   Further analysis of basic model / literature review 
6  1 — 5 Apr  Break / Leap Ansys training  
7  8 — 12 Apr  Break / literature review 
8  15 — 19 Apr  Finish basic model analysis 
9  22 — 26 Apr  Presentation preparation 
10  29 Apr — 3 May  Seminar presentation / literature review 
11  6 — 10 May  Work on literature review  
12  13 — 17 May  Finish literature review  
13  20 — 24 May  Work on preliminary report  
14  27 – 31 May  Finish and submit preliminary report 
15  3 — 7 Jun   
16  10 — 14 Jun  Exams  
17  17 — 21 Jun  Exams  
18  24 — 28 Jun  Break 
19  1 — 5 Jul  Break  
20  8 — 12 Jul  Break  
Semester 2 
21  15 — 19 Jul  CAD modelling 
22  22 — 26 Jul  CAD modelling 
23  29 Jul — 2 Aug  CAD modelling 
CFX Analysis 
Write up of modelling procedure  
24  5 — 9 Aug  CAD modelling  
25  12 — 16 Aug  CAD modelling  
26  19 — 23 Aug  Bracket preparation for wind tunnel testing 
27  26 — 30 Aug  CAD modelling  
28  2 — 6 Sep  CAD modelling / Dissertation 
29  9 — 13 Sep  Partial draft dissertation 
30  16 — 20 Sep  CFX analysis / CAD modelling  
31  23 — 27 Sep  Break / CAD modelling / Meshing / Project conference / CFX analysis  
32  30 Sep — 4 Oct  Break / Dissertation / Meshing / 3D printed model / CFX analysis 
33  7 — 11 Oct  CFX analysis  
34  14 — 18 Oct  Wind tunnel testing and data analysis/ Dissertation 
35  21 — 25 Oct  Dissertation/ Project performance  
36  28 Oct — 1 Nov  Exams  
37  4 — 8 Nov  Exams  
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Appendix A: 
Project Specification: 
 
University of Southern Queensland 
FACULTY OF ENGINEERING AND SURVEYING 
ENG4111/ 4112 Research Project  
Project Specification  
 
FOR:  Johan Basson (0061004750) 
 
TOPIC: Analysis of the aerodynamic attributes of motor vehicles 
 
SUPERVISORS:  Chris Snook (Main) 
Ruth Mossad (Assistant) 
 
PROJECT AIM: To analyse the aerodynamic properties of a car with the intention of 
improving the drag and lift coefficients through the modification of 
the physical shape.  
 
PROGRAMME:   Issue A, 12 March 2013 
 
1. Research the background information relating to aerodynamics and conduct a 
literature review of the aerodynamics of motor vehicles.  
2. Become competent in using CFD/ FEA software for aerodynamic analysis. 
3. Design or make use of an existing vehicle to create a 3d model for analysis. 
4. Conduct a basic analysis with CFD/ FEA software to determine the aerodynamic 
properties of the vehicle. 
5. Conduct a more thorough analysis making use of the knowledge gained in the basic 
analysis to achieve accurate results. 
6. Investigate the types of effects that shape modification will have on the 
aerodynamic properties of the vehicle.  
If time and resources permit:  
7. Modify the vehicle design to improve the drag and lift coefficients. 
8. Make use of USQ's wind tunnel and 3d printer to conduct physical tests of the 
vehicle models to verify the software simulations.  
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Permission to work form: 
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Excel spread sheet:  
Origional SLS: 
    
Frontal Area (m^2): 0.0014 
 
Air density @ 25'C: 1.184 kg/m^3 
    Run 1     
            pressure diff (mm) 10 20 30 40 
 
Drag (N): 0.08 Drag coefficient (cD): 0.52 
 
Lift Coefficient (cL): 0.68 
 
ave lift (N) 0.12 
Air speed (m/s) 14.01 19.81 24.26 28.01 
 
Drag (N): 0.30 Drag coefficient (cD): 0.93 
 
Lift Coefficient (cL): 0.28 
 
ave drag (N) 0.36 
Drag (g) 8.6 30.9 46.4 63 
 
Drag (N): 0.46 Drag coefficient (cD): 0.93 
 
Lift Coefficient (cL): 0.16 
 
ave Cl 0.42 
Lift (N) 0.11 0.09 0.08 0.07 
 
Drag (N): 0.62 Drag coefficient (cD): 0.95 
 
Lift Coefficient (cL): 0.11 
 
ave Cd 0.82 
    
  
ave lift 0.0875 ave 0.37 
 
ave 0.83 
 
ave 0.31 
   Run 2   
   
  
 
  
 
      pressure diff (mm) 10 20 30 40 
 
Drag (N): 0.08 Drag coefficient (cD): 0.49 
 
Lift Coefficient (cL): 1.78 
   Air speed (m/s) 14.01 19.81 24.26 28.01 
 
Drag (N): 0.26 Drag coefficient (cD): 0.79 
 
Lift Coefficient (cL): 0.61 
   Drag (g) 8.1 26.2 40.9 57.3 
 
Drag (N): 0.40 Drag coefficient (cD): 0.82 
 
Lift Coefficient (cL): 0.43 
   Lift (N) 0.29 0.2 0.21 0.23 
 
Drag (N): 0.56 Drag coefficient (cD): 0.86 
 
Lift Coefficient (cL): 0.35 
     
   
ave lift 0.2325 ave 0.32 
 
ave 0.74 
 
ave 0.80 
   Run 3         
  
 
  
 
      pressure diff (mm) 10 20 30 40 
 
Drag (N): 0.08 Drag coefficient (cD): 0.49 
 
Lift Coefficient (cL): 0.55 
   Air speed (m/s) 14.01 19.81 24.26 28.01 
 
Drag (N): 0.30 Drag coefficient (cD): 0.91 
 
Lift Coefficient (cL): 0.06 
   Drag (g) 8.2 30.2 45 60.2 
 
Drag (N): 0.44 Drag coefficient (cD): 0.90 
 
Lift Coefficient (cL): 0.02 
   Lift (N) 0.09 0.02 0.01 0.03 
 
Drag (N): 0.59 Drag coefficient (cD): 0.91 
 
Lift Coefficient (cL): 0.05 
   
 
   
ave lift 0.0375 ave 0.35 
 
ave 0.80 
 
ave 0.17 
   Modified SLS: 
    
Frontal Area (m^2): 0.001372 
  
 
      Run 1         
     
 
      pressure diff (mm) 10 20 30 40 
 
Drag (N): 0.10 Drag coefficient (cD): 0.63 
 
Lift Coefficient (cL): 0.06 
 
ave lift (N) 0.14 
Air speed (m/s) 14.01 19.81 24.26 28.01 
 
Drag (N): 0.24 Drag coefficient (cD): 0.74 
 
Lift Coefficient (cL): 0.00 
 
ave drag (N) 0.31 
Drag (g) 10.2 24.1 38.7 52.6 
 
Drag (N): 0.38 Drag coefficient (cD): 0.79 
 
Lift Coefficient (cL): 0.10 
 
ave Cl 0.42 
Lift (N) 0.01 0 0.05 0.13 
 
Drag (N): 0.52 Drag coefficient (cD): 0.81 
 
Lift Coefficient (cL): 0.20 
 
ave Cd 0.74 
74 
 
  
 
  
 
ave lift 0.0475 ave 0.31 
 
ave 0.74 
 
ave 0.09 
   Run 2       
 
  
 
  
 
      pressure diff (mm) 10 20 30 40 
 
Drag (N): 0.08 Drag coefficient (cD): 0.53 
 
Lift Coefficient (cL): 1.48 
   Air speed (m/s) 14.01 19.81 24.26 28.01 
 
Drag (N): 0.25 Drag coefficient (cD): 0.79 
 
Lift Coefficient (cL): 0.43 
   Drag (g) 8.6 25.6 40.1 54.1 
 
Drag (N): 0.39 Drag coefficient (cD): 0.82 
 
Lift Coefficient (cL): 0.37 
   Lift (N) 0.24 0.14 0.18 0.25 
 
Drag (N): 0.53 Drag coefficient (cD): 0.83 
 
Lift Coefficient (cL): 0.38 
   
 
   
ave lift 0.2025 ave 0.31 
 
ave 0.74 
 
ave 0.66 
   Run 3         
  
 
  
 
      pressure diff (mm) 10 20 30 40 
 
Drag (N): 0.08 Drag coefficient (cD): 0.49 
 
Lift Coefficient (cL): 1.11 
   Air speed (m/s) 14.01 19.81 24.26 28.01 
 
Drag (N): 0.27 Drag coefficient (cD): 0.84 
 
Lift Coefficient (cL): 0.28 
   Drag (g) 7.9 27.4 42 55.3 
 
Drag (N): 0.41 Drag coefficient (cD): 0.86 
 
Lift Coefficient (cL): 0.29 
   Lift (N) 0.18 0.09 0.14 0.23 
 
Drag (N): 0.54 Drag coefficient (cD): 0.85 
 
Lift Coefficient (cL): 0.35 
   
    
ave lift 0.16 ave 0.33 
 
ave 0.76 
 
ave 0.51 
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Risk management plan:               
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